Introduction {#S0001}
============

Epilepsy, characterized by recurrent seizures, is one of the most common brain disorders, affecting almost 50 million people worldwide. Despite pharmacological progress in regulating various ion channels, such as oxcarbazepine for sodium channels and topiramate for multiple ion channels, epilepsy is rarely cured but rather can be temporarily controlled.[@CIT0001] Even so, nearly one-third of epilepsy patients still suffer from repeated convulsions due to resistance to the existing drugs. To overcome this dilemma, researchers have gradually begun to focus on other pathologies distinct from the traditional changes in ion channels. Among these, the role of neuroinflammation in epilepsy has attracted increasing attention in recent years.[@CIT0002]

Currently, several lines of evidence support the involvement of inflammation in epileptogenesis. First, a series of clinical studies observed epileptic seizures in classical inflammatory diseases such as systemic lupus, vasculitis and multiple sclerosis,[@CIT0003] and in patients with such diseases, anti-inflammatory therapies are usually more effective than standard antiepilepsy drug therapies at disease onset.[@CIT0004] Second, lipopolysaccharide is a proinflammatory agent that is able to induce both systemic and brain inflammation, potentially resulting in brain excitability and epileptic seizures in rodents.[@CIT0005] Meanwhile, interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) are considered classical proinflammatory mediators. Interestingly, IL-1β exacerbates seizures in animal models by enhancing susceptibility to seizure-inducing stimuli,[@CIT0006],[@CIT0007] and spontaneous seizures take place in transgenic mice overexpressing TNF-α and IL-6.[@CIT0008]--[@CIT0011] Indeed, inflammatory mediators, activated astrocytes and microglia, and other indicators of inflammation have been found in the resected hippocampus of patients with temporal lobe epilepsy (TLE), the most common type of refractory epilepsy.[@CIT0002] This evidence suggests that inflammatory injuries in the brain predispose patients to the occurrence of epileptic activities.

On the other hand, neuroinflammation could be rapidly induced in rodents after chemically and electrically induced seizures.[@CIT0012] Subsequent cascades of inflammation are usually long lasting, along with the occurrence of spontaneous seizures. For example, IL-1β expression in glial cells remains elevated for up to 60 days after experimental epileptic seizures,[@CIT0013] and spontaneous seizures occur in the chronic stage of the lithium-pilocarpine-induced TLE model.[@CIT0014] To some extent, epileptic seizures are capable of inducing neuroinflammation, which then enhances epileptic activities; thus, blocking this vicious circle between seizure and neuroinflammation should be a promising strategy for treating epilepsy. In fact, previous studies have reported that antiinflammatory steroids displayed anticonvulsant effects in some patients with drug-resistant epilepsy.[@CIT0015],[@CIT0016] However, steroids interfere with the immune system, often followed by a series of side effects.[@CIT0017] In addition, neuroinflammation is extremely complex and usually varies under different seizure-inducing stimuli, which act on various cell types and involve multiple inflammatory cytokines.[@CIT0002] Hence, determining whether other inflammatory mediators could be used to target neuroinflammation for the treatment of epilepsy is an urgent matter.

MicroRNAs (miRNAs) are small molecules 22 nucleotides long that regulate biological activities by suppressing the translation of their target genes; thus, miRNAs can be easily delivered intranasally to treat brain diseases due to their ability to bypass the blood-brain barrier (BBB).[@CIT0018],[@CIT0019] Indeed, intranasal delivery of miRNA agomir or antagomir has been developed as a practical and efficient strategy to treat brain disorders.[@CIT0020] Numerous studies have shown a key role of miRNAs, especially miR-146a-5p and miR-155-5p, in the regulation of inflammatory processes. Our team found that intranasal delivery of miR-146a-5p agomir improved epileptic seizures and hippocampus inflammation.[@CIT0021] In comparison, miR-155-5p plays a proinflammatory role in microglia by inhibiting the expression of suppressor of cytokine signaling 1 (SOCS1) and liver X receptor α (LXRα).[@CIT0022],[@CIT0023] Moreover, the expression of miR-155-5p is increased in the hippocampus of an epilepsy animal model and patients with mesial TLE.[@CIT0024] Hence, intranasal delivery of miR-155-5p antagomir appears to be a promising way to control hippocampal inflammation in epilepsy pathologies.

To preliminarily confirm the hypothesis that intranasal delivery of miR-155-5p antagomir alleviates acute seizures by countering hippocampal inflammation, we established a pentetrazol-induced model in the present study and examined the protective effects of artificially synthesized miR-155-5p antagomir on acute seizures and inflammatory injuries in the hippocampus, expecting to supply a novel strategy for the translational development of epilepsy therapies.

Materials and Methods {#S0002}
=====================

Experimental Animals {#S0002-S2001}
--------------------

A total of 108 male Sprague Dawley (SD) rats were obtained from the Animal Center of Guangdong Medical University, Zhanjiang, China. The rats were bred under a humidity of 55% to 65% and a temperature of 22°C to 26°C. A light-dark cycle was implemented in accordance with circadian rhythm. After a one-week adaptation to the environment along with free access to food and water, rats (body weight, 248±30 g) were used in the following experiments. The study was performed in accordance with the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006) and was approved by the Animal Ethics Committee of Guangdong Medical University.

Dynamic Changes in miR-155-5p After Intranasal Delivery of miR-155-5p Antagomir {#S0002-S2002}
-------------------------------------------------------------------------------

Following the manufacturer's instructions, 200 nmol of miR-155-5p antagomir (sequence information: 5ʹ-chol-acccctatcacgattagcattaa-3ʹ; Genesky Biotech, Shanghai, China) was dissolved in 2 mL RNase-free water, forming the miR-155-5p antagomir solution (100 nmol/mL) for intranasal administration in the subsequent experiments. Referring to a previous study,[@CIT0025] the rats were fixed in a simple mouse holder (Yuyan Instruments, Shanghai, China) and placed in a supine position; the miR-155-5p antagomir solution was then administered via a 10-μL pipette at a rate of 2 μL per drop and 12 drops per minute, alternating between each naris every 2 drops. According to the study protocol, a total of 18 rats were randomly selected and equally divided into three groups to receive miR-155-5p antagomir (10 nmol/kg body weight). The three groups were sacrificed for the collection of the hippocampus and cortex at 30 min, 60 min and 120 min after intranasal delivery of miR-155-5p antagomir. Another group of 6 rats received equal-volume RNase-free water (0.1 mL/kg body weight) as the vehicle control and were immediately sacrificed after intranasal administration (0 min). To identify the effectiveness of intranasal miR-155-5p antagomir delivery in the hippocampus and cortex, we quantitated the relative miR-155-5p levels in the hippocampus and cortex using real-time quantitative polymerase chain reaction (qPCR) and further analyzed their dynamic changes after intranasal miR-155-5p antagomir delivery by comparing miR-155-5p expression with that in the vehicle control.

Relative miR-155-5p Levels in Two Acute Seizure Models {#S0002-S2003}
------------------------------------------------------

In total, 23 rats were randomly selected to establish two acute seizure models. Generalized convulsions were successfully induced in 6 rats using the pilocarpine-induced model and another 6 rats using the pentetrazol-induced model. The protocol for the pilocarpine-induced model was as follows: Lithium chloride (125 mg/kg body weight, i.p.; Amresco LLC, Solon, China) was used to enhance the sensitivity of pilocarpine, and scopolamine (1 mg/kg body weight, i.p.; Tomax, Shenzhen, China) was injected 20 h later to limit cholinergic effects and the risk of unexpected death, followed by pilocarpine administration (50 mg/kg body weight, i.p.; Cayman, Ann Arbor, USA) 30 min later. The degree of seizures was evaluated according to the Racine scale, and if seizures did not emerge or reach level 4, administration of pilocarpine (10 mg/kg body weight) was repeated every 10 min until a total dose of pilocarpine of 100 mg/kg body weight. For the pentetrazol-induced model, pentetrazol (60 mg/kg body weight, i.p.; Cayman, Ann Arbor, USA) was administered, and if seizures did not emerge or reach level 4, administration of pentetrazol (20 mg/kg body weight) was repeated every 10 min until a total dose of pentetrazol of 120 mg/kg body weight. In addition, another group of 6 rats was randomly selected as a control group. Finally, for the identification of the relative miR-155-5p levels in the two acute seizure models, the 18 rats were sacrificed for the collection of the hippocampus.

Electrical Activities of the Brain in the Pentetrazol-Induced Model {#S0002-S2004}
-------------------------------------------------------------------

A tethered electroencephalogram/electromyography (EEG/EMG) acquisition system (Pinnacle Technologies Inc., Lawrence, USA) was applied to determine if epileptiform discharges occurred in the pentetrazol-induced epilepsy model in the present study. Here, 1 rat was randomly selected and anesthetized using 3% chloral hydrate (10 mL/kg body weight, intraperitoneally (i.p.), Sigma-Aldrich, St. Louis, USA). Upon loss of awareness, four pilot holes were drilled through the skull for the implantation of intracranial electrodes, and then a preamplifier head mount was affixed to the skull using dental acrylic, as described in a previous study.[@CIT0026] After a one-week recovery period with free access to food and water, no abnormalities, such as infection, hemorrhage or seizure, were observed, and then acute seizures and related brain electrical activities within 60 min after pentetrazol administration were recorded. In addition, brain electrical activities before pentetrazol administration were recorded for self-paired analysis.

Grouping and Behavior Observations {#S0002-S2005}
----------------------------------

A total of 60 SD rats were randomly selected and divided into three groups: The seizure model group (n=20), which was used for the induction of the pentetrazol model, the antagomir treatment group (n=20), and the control group (n=20). In comparison with the seizure model group, the antagomir treatment group received an extra administration of miR-155-5p antagomir (100 nmol/mL, 10 nmol/kg body weight) intranasally 30 min before pentetrazol administration. Within 60 min after pentetrazol administration, the percentage of rats with no induced seizures, the latency to generalized convulsions, and the seizure severity were recorded to identify the effects of miR-155-5p antagomir on epileptic seizures. In the case of generalized convulsions lasting more than 30 min, 3% chloral hydrate (2 mL/kg body weight, i.p.; Sigma-Aldrich, St. Louis, USA) was administered every 5 min until seizure cessation to reduce unexpected deaths of the experimental rats before their prespecified time of sacrifice. According to the severity of rats with epileptic seizures, the manifestations of the Racine scale were classified into 5 levels: (1) Twitching of facial muscles; (2) Nodding of the head; (3) Lifting or clonus of unilateral forelimb; (4) Bilateral forelimb clonus and rearing; (5) loss of posture exhibited by falling or twisting. Referring to previous standards,[@CIT0027],[@CIT0028] level 4 was defined as the threshold for generalized convulsions in this study. After 60 min of pentetrazol administration, 9 rats, 9 rats and 2 rats per group were randomly used for miRNA/mRNA quantitation (real-time qPCR), protein quantitation (Western blot, WB; enzyme-linked immunosorbent assay, ELISA) and hippocampus staining (hematoxylin-eosin staining, HE; Nissl staining; terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling assay, TUNEL; double immunofluorescence labeling), respectively.

Molecular Biology Experiments {#S0002-S2006}
-----------------------------

To identify molecular changes in the brain, rats were sacrificed by decapitation under deep anesthesia using 10% chloral hydrate (3 mL/kg body weight, i.p.; Sigma-Aldrich, St. Louis, USA), and brain tissues were quickly isolated for the following experiments: (1) Real-time qPCR: Total RNA was extracted under an RNase-free condition via an RNA extraction kit (Thermo Fisher Scientific, Waltham, USA) and then used for reverse transcription via a First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA) in line with the manufacturer's instructions. The cDNA products were further amplified by a Light-Cycler 480 sequence detector system (Roche Applied Science, Penzberg, Germany), and the primers were as follows: miR-155, 5ʹ-cagcctacacggtgggagc-3ʹ (F), 5ʹ-ctgctctgagtcattgtgctgg-3ʹ (R), LXRα, 5ʹ-gagtcatccgagcctacagc-3ʹ(F), and 5ʹ-gaaggagcgcctgttacact-3ʹ(R), SOCS1, 5ʹ-catcctcgtcctcgtcttcg-3ʹ(F), and 5ʹ-ttaagagggatgcgtgccag-3ʹ(R), and GAPDH, 5ʹ-gccagcctcgtctcatagac-3ʹ(F), and 5ʹ-agtgatggcatggactgtgg-3ʹ(R). Finally, the relative levels of miR-155-5p and its targets LXRα and SOCS1 mRNAs were calculated using the 2^−ΔΔCT^ method, and U6 and GAPDH were used as internal references for miR-155-5p and LXRα and SOCS1 mRNAs, respectively. (2) WB: Protein extracted from brain tissues was transferred to polyvinylidene fluoride membranes (Millipore, Darmstadt, Germany) for 90 min at 400 mA. After the membranes were incubated with the primary rabbit polyclonal anti-LXRα antibody (diluted 1:100; Santa Cruz, Texas, USA), mouse monoclonal anti-SOCS1 antibody (diluted 1:100; Santa Cruz, Texas, USA) or primary mouse monoclonal anti-β-actin antibody (diluted 1:100; Santa Cruz, Texas, USA) used as an internal control, they were reacted with goat anti-rabbit secondary antibody (diluted 1:100; Beyotime, Beijing, China) or goat anti-mouse secondary antibody (diluted 1:100; Beyotime, Beijing, China) at 37°C for 1 h. The immunoreactive bands were detected using an enhanced chemiluminescence substrate kit (Beyotime, Shanghai, China). (3) ELISA: The concentrations of IL-1β, TNF-α and IL-6 in the hippocampus were detected via ELISA kits (R&D Systems, Minneapolis, USA) in line with the manufacturer's instructions, and their absorbance was detected using an ELISA reader (Bio-Rad Laboratories, Hercules, USA).

In addition, hippocampal staining was performed as follows: (1) HE, Nissl and TUNEL staining: The hippocampi were fixed in 4% paraformaldehyde overnight, dehydrated in a graded ethanol series, embedded in paraffin and then cut into 4-μm-thick slices, which were deparaffinized and then used for HE and Nissl staining for examination of histopathological injuries under light microscopy (Zeiss Axiovert S100TV, Jena, Germany); TUNEL staining was used to determine in situ apoptosis via a TUNEL Apoptosis Detection Kit (Roche Applied Science, Penzberg, Germany) according to the manufacturer's instructions. (2) Double immunofluorescence labeling: The hippocampi were fixed and then cut into 4-μm-thick slices, which were incubated with the primary antibodies primary rabbit polyclonal anti-LXRα antibody (diluted 1: 100; Santa Cruz, Texas, USA), mouse monoclonal anti-SOCS1 antibody (diluted 1: 100; Santa Cruz, Texas, USA), and mouse monoclonal anti-ionized calcium binding adapter molecule 1 (IBA1) (diluted 1: 100; Santa Cruz, Texas, USA); these slices were further treated with 40,6-diamidino-2-phenylindole dihydrochloride (Sigma, St. Louis, USA) to identify nuclei. Double immunofluorescent-labeled slices were detected by laser scanning confocal microscopy (Leica Microsystems, Wetzlar, Germany) and an Olympus IX 70 inverted microscope (Olympus America, NY, USA).

Statistical Analysis {#S0002-S2007}
--------------------

Measurement data are displayed as the mean ± standard error of the mean and compared using a two independent samples *t*-test for two groups and the ANOVA with a post hoc test for three groups or more. Statistical analyses were performed with SPSS 19.0 (IBM, New York, USA), and a two-tailed p≤0.05 was considered statistically significant. Graph Pad Prism 5 (GraphPad, New York, USA) was applied to illustrate the findings. In addition, all staining images were analyzed by researchers who were blinded to the experimental groups.

Results {#S0003}
=======

Effectiveness of miR-155-5p Antagomir via Intranasal Delivery and the Pentetrazol-Induced Acute Seizure Model {#S0003-S2001}
-------------------------------------------------------------------------------------------------------------

As shown in [Figure 1A](#F0001){ref-type="fig"}, the relative miR-155-5p level in the hippocampus was reduced to 0.61-fold at 30 min after intranasal delivery of miR-155-5p antagomir and further reached a 0.59 and 0.54-fold decrease at 60 min and 120 min, respectively, in comparison with the levels in the vehicle control sacrificed at 0 min. Similarly, the relative miR-155-5p levels in the cortex of the miR-155-5p antagomir-treated groups were reduced to 0.76-fold at 30 min and 0.73-fold at both 60 min and 120 min compared with the levels in that of the vehicle control group sacrificed at 0 min. Via statistical analysis, compared with the miR-155-5p levels in the vehicle control sacrificed at 0 min, the levels were significantly lower in the hippocampus after intranasal delivery of miR-155-5p antagomir, indicating that miR-155-5p antagomir could function in the hippocampus via intranasal delivery. In comparison with the cortex, the hippocampus is a key region of inflammatory injuries for epilepsy pathologies and expressed a lower level of miR-155-5p at 60 min after delivery that was maintained for 60 min. As to the difference between hippocampus and cortex, it might result from the condition that intranasal delivery bypasses the blood--brain barrier via olfactory- and trigeminal-associated extracellular pathways,[@CIT0029],[@CIT0030] and these pathways are relatively adjacent to hippocampus instead of cortex from the perspective of regional anatomy.Figure 1The effectiveness of miR-155-5p antagomir intranasal delivery and the acute epilepsy model induced by pentetrazol. (**A**) Dynamic changes in relative miR-155-5p levels after intranasal delivery of miR-155-5p antagomir. Based on real-time qPCR, the relative miR-155-5p levels were 1.00±0.10, 0.61±0.10, 0.56±0.09 and 0.54±0.10 in the rats sacrificed at 0 min (n=6), 30min (n=6), 60min (n=6) and 120min (n=6) in the hippocampus, respectively; the relative miR-155-5p levels were 1.00±0.05, 0.76±0.14, 0.73±0.08 and 0.73±0.09 in the rats sacrificed at 0 min (n=6), 30min (n=6), 60min (n=6) and 120min (n=6) in the cortex, respectively. (**B**) Relative miR-155-5p levels in two acute seizure models. Based on real-time qPCR, the relative miR-155-5p levels were 0.95±0.09, 1.18±0.27 and 1.63±0.08 in the control (n=6), the pilocarpine-induced model (n=6) and the pentetrazol-induced model (n=6), respectively. (**C**) Epileptic discharges of the pentetrazol-induced acute seizure model. Compared with the normal state, the state after pentetrazol administration was characterized by epileptic discharges (sharp wave, 6--7 times per second) along with generalized convulsions using the EEG/EMG acquisition system. \*p\<0.05 and \*\*p\<0.01.

As shown in [Figure 1B](#F0001){ref-type="fig"}, via statistical analysis, the relative miR-155-5p levels increased to 1.42 and 1.59-fold in the pilocarpine- and pentetrazol-induced models, in comparison with the levels in the control group, but the latter model seemed to be a better model for this study due to higher fold change along with smaller magnitude with an increasing trend of miR-155-5p levels, indicating that the model is fit for exploring the effects of miR-155-5p antagomir on epileptic seizures. In addition, as shown in [Figure 1C](#F0001){ref-type="fig"}, epileptic discharges along with generalized convulsions were observed after pentetrazol administration, confirming the effectiveness of the pentetrazol protocol used in the subsequent experiments of this study.

Behavioral Observations After Intranasal Delivery of miR-155-5p Antagomir in the Pentetrazol-Induced Acute Seizure Model {#S0003-S2002}
------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 2](#F0002){ref-type="fig"}, the percentage of rats without seizures increased by 20% (A), the percentage of rats (the Racine level ≥4, defined as generalized convulsions) decreased by 20% (B), and the latency to generalized convulsion after pentetrazol administration was significantly extended (C and D) in the antagomir treatment group compared with those in the seizure model group. All these findings indicate that intranasal delivery of miR-155-5p antagomir improved the incidence and severity of acute seizures in the pentetrazol-induced model.Figure 2Behavioral observations within 60 min after pentetrazol administration in the pentetrazol-induced model. (**A**) The percentages of rats without seizures were 15% (3/20) and 35% (7/20) in the seizure model and antagomir treatment groups, respectively. (**B**) The percentage of rats with a Racine level ≥4 (defined as generalized convulsions) were 75% (15/20) and 55% (11/20) in the seizure model and antagomir treatment groups, respectively. (**C**) The percentages of generalized convulsions were 47% (7/15) and 21% (3/11) at 0-10 min, 33% (5/15) and 55% (6/11) at 10-20 min, and 20% (3/15) and 27% (3/11) at more than 20 min after pentetrazol administration in the seizure model and antagomir treatment groups, respectively. (**D**) The latencies to generalized convulsions were 11.0±6.1 min and 17.0±7.7 min in the seizure model (n=15) and antagomir treatment groups (n=11), respectively. \*p\<0.05.

Expression of miR-155-5p and Its Targets LXRα and SOCS1 After Intranasal Delivery of miR-155-5p Antagomir in the Pentetrazol-Induced Model {#S0003-S2003}
------------------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 3](#F0003){ref-type="fig"}, the relative level of miR-155-5p in the hippocampus was significantly lower in the antagomir treatment group than in the seizure model group (A), and the hippocampal expression of LXRα mRNA and SOCS1 mRNA was increased with mild significant (p=0.026) for the former and even none (p=0.517) for the latter (B). Furthermore, increasing trend of LXRα and SOCS1 protein in the hippocampus of the antagomir treatment group was observed compared with the seizure model group (C). Intriguingly, the expression of LXRα and SOCS1 protein in IBA1-labeled microglia cells was higher in the antagomir treatment group than in the seizure model group ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}), which supports the hypothesis that intranasal delivery of miR-155-5p antagomir downregulated miR-155-5p expression, thereby resulting in a higher expression of LXRα and SOCS1 in hippocampal microglia.Figure 3Expression of miR-155-5p and its targets LXRα and SOCS1 at 60 min after pentetrazol administration in the pentetrazol-induced acute epilepsy model. (**A**) Based on real-time qPCR, the relative miR-155-5p levels in the hippocampus were 1.00±0.08, 1.43±0.13 and 1.15±0.12 in the control group (n=9), the seizure model group (n=9) and the antagomir treatment group (n=9), respectively; via statistical analysis, the relative level of miR-155-5p in the hippocampus of the antagomir treatment group decreased to 34% of that in the seizure model group. (**B**) Based on real-time qPCR, the relative LXRα levels in the hippocampus were 1.00±0.03, 1.03±0.07 and 1.59±0.07 in the control group (n=9), the seizure model group (n=9) and the antagomir treatment group (n=9), respectively; the relative LXRα levels in the hippocampus were 1.10±0.04, 1.22±0.02 and 1.41±0.04 in the control group (n=9), the seizure model group (n=9) and the antagomir treatment group (n=9), respectively; via statistical analysis, the expression of LXRα and SOCS1 mRNA in the hippocampus of the antagomir treatment group increased to 1.6 and 1.4 times that in the hippocampus of the seizure model group. (**C**) WB indicated increasing trend of LXRα and SOCS1 protein in the hippocampus of the antagomir treatment group (n=3) compared with the seizure model group (n=3). \*p\<0.05, \*\*p\<0.01 and \*\*\*p\<0.001.Figure 4Double immunofluorescence labeling showed LXRα protein (red) in IBA1-labeled microglial cells (green) of hippocampal tissues at 60 min after pentetrazol administration in the pentetrazol-induced acute seizure model. In the control group, IBA1-labeled microglial cells were relatively small and presented as a short-bar shape, indicating that they were in a resting state, and LXRα could be seen clearly within them. In the seizure model group, labeled microglial cells became spherical in shape and overlapped with each other, indicating that they were activated, but the expression of LXRα was not significantly upregulated. In the antagomir treatment group, labeled microglial cells still appeared spherical in shape and overlapped with each other, indicating that they were in an activated state, and the expression of LXRα was significantly upregulated compared with the seizure model group.Figure 5Double immunofluorescence labeling showed LXRα protein (red) in IBA1-labeled microglia (green) in the hippocampus at 60min after the injection of pentetrazol in the acute seizure model. In the control group, IBA1-labeled microglia were small with a short-bar shape, supporting that these microglia were in a resting state, and LXRα could be observed clearly within them. In the seizure model group, labeled microglia were spherical instead of a short-bar shape, indicating that they were activated, but LXRα expression did not significantly increased. In the antagomir treatment group, labeled microglia were still spherical, but the immunofluorescent signal of LXRα expression significantly increased compared with the seizure model group.

Expression of Typical Inflammatory Modulators After Intranasal Delivery of miR-155-5p Antagomir in the Pentetrazol-Induced Model {#S0003-S2004}
--------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 6](#F0006){ref-type="fig"}, the expression of IL-1β, TNF-α and IL-6 in the hippocampus of the antagomir treatment group was reduced to 79.7%, 74.7% and 70.0% of that in the seizure model group, respectively. However, the expression levels in the antagomir treatment group were still higher than the levels in the control group. These results indicate that intranasal delivery of miR-155-5p antagomir inhibited the inflammatory response in the pentetrazol-induced epilepsy model but did not completely block it.Figure 6 Expression of typical inflammatory modulators at 60 min after pentetrazol administration in the pentetrazol-induced acute seizure model. Based on ELISA, the concentrations of IL-1β (**A**), TNF-α (**B**) and IL-6 (**C**) were 28.1±2.5 pg/ml, 39.3±2.1 pg/ml and 31.1±1.9 pg/ml in the hippocampus of the control group (n=9), 129.5±8.8 pg/ml, 226.2±8.0 pg/ml and 169.0±16.2 pg/ml in the hippocampus of the seizure model group (n=9), and 20.4±1.2 pg/ml, 36.6±7.5 pg/ml and 25.6±2.0 pg/ml in the hippocampus of the antagomir treatment group(n=9), respectively. \*p\<0.05,\*\*p\<0.01 and \*\*\*p\<0.001.

Protective Effects of miR-155-5p Antagomir on the Hippocampus in the Pentetrazol-Induced Acute Seizure Model {#S0003-S2005}
------------------------------------------------------------------------------------------------------------

As shown in [Figure 7](#F0007){ref-type="fig"}, compared with the hippocampal tissue of the control group, the hippocampal tissue of the seizure model group underwent severe structural breakdown (shown by HE staining) and displayed fewer Nissl bodies. However, intranasal delivery of miR-155-5p antagomir significantly alleviated hippocampal damage in the antagomir treatment group. In addition, there was no significant apoptosis of hippocampal tissues (shown by TUNEL and DAPI staining) in the control, seizure model or antagomir treatment groups. Regarding apoptosis, this timepoint is likely too early to observe apoptotic cell death with a TUNEL assay. Our results cannot exclude the possibility that apoptosis of hippocampal tissues may emerge later after 1 h post-pentetrazol treatment or even in the latent and chronic stages. Nonetheless, our results suggest that apoptosis is not significantly involved in protective effects of miR-155-5p antagomir on acute seizures. Combined with the hippocampal damage shown by HE and Nissl staining, these findings indicate that miR-155-5p antagomir plays a protective role in the pentetrazol-induced acute seizure model by inhibiting hippocampal damage but not apoptosis.Figure 7Protective effects of miR-155-5p antagomir in the hippocampus 60 min after pentetrazol administration. In comparison with the HE-stained hippocampal nuclei in the control group, the hippocampal nuclei (blue) in the seizure model group were much fainter, but the nuclei were relatively preserved by intranasal delivery of miR-155-5p antagomir in the antagomir treatment group. Compared with the control group, the seizure model group exhibited significantly fewer Nissl bodies (blue) in hippocampal tissues, whereas this reduction was revered in the antagomir treatment group. No visible apoptosis (stained by TUNEL in blue) was observed in the hippocampal nuclei (stained by DAPI in green) of the control, seizure model or antagomir treatment groups.

Discussion {#S0004}
==========

This study first observed that intranasal delivery of miR-155-5p antagomir alleviated acute seizures and hippocampal inflammation in the pentetrazol-induced epilepsy model, along with upregulating expression of its targets LXRα and SOCS1 in IBA1-labeled microglia in the hippocampus. Based on a key proinflammatory role of miR-155-5p in microglia, intranasal delivery of miR-155-5p antagomir likely improved acute seizures by blocking hippocampal inflammation. This study suggests that, in comparison with invasive delivery strategies, such as hippocampal microinjection,[@CIT0031] a more practical delivery strategy for the translational development of epilepsy therapies is possible.

Currently, glucocorticoids are widely used to attenuate inflammation in human diseases, but their chronic use is complicated by their side effects;[@CIT0003],[@CIT0032] thus, a series of other strategies have been employed to treat inflammatory injuries, such as overexpression of proteins that compete with proinflammatory cytokines to bind their receptors, such as IL-1 receptor antagonist protein,[@CIT0033] and decoy receptors that bind proinflammatory cytokines and chemokines but are unable to transduce signaling, thus acting as molecular traps to prevent proinflammatory ligands from interacting with their receptors.[@CIT0034] In addition, inflammation could be blocked by antiinflammatory proteins that inhibit cytokine-induced signal transduction and transcription, such as SOCS1 in the JAK/STAT pathway.[@CIT0035] However, these proteins are usually macromolecules, which are difficult to deliver and function in the brain because of their inability to permeate the BBB; thus, other methods should be developed to address these obstacles. Interestingly, miRNAs, a group of noncoding RNAs only 22 nucleotides in length, have been demonstrated to be able to bypass the BBB by intranasal delivery.[@CIT0018],[@CIT0019] Hence, miRNAs are considered potential targets in this study for modulating inflammation in epilepsy pathologies.

Several studies have recently reported that inhibition of miR-155-5p by its antagomir attenuates matrix metallopeptidase 3 overexpression after IL-1β stimulation in astrocytes,[@CIT0036] and the expression of miR-155-5p increased significantly in myeloid-related protein-8 induced astrocyte-related inflammation.[@CIT0037] In addition, miR-155-5p could be upregulated in amyloid β-activated astrocytes, thus contributing to the production of inflammatory mediators such as IL-6 and interferon-β.[@CIT0038] All the in vitro evidence indicates that astrocytic miR-155-5p participates in brain inflammation. However, its target mRNAs are still not determined in astrocytes. In comparison, microglia are well known to be the first line of the inflammatory response in the brain, and miR-155-5p has been demonstrated to facilitate inflammation in microglia via decreasing the expression of LXRα, SOCS1 and receptor for activated C kinase 1 (RACK1).[@CIT0022],[@CIT0023],[@CIT0039] Intriguingly, RACK1 expression was upregulated in the brains of TLE patients,[@CIT0040] indicating that RACK1 is involved in other pathologies, as well as being negatively regulated by miR-155-5p.

In our in vivo study, via identifying the expression levels of IL-1β, TNF-α and IL-6 in the hippocampus, we observed that miR-155-5p antagomir inhibited inflammatory response in the pentetrazol-induced epilepsy model. A series of experiments were then performed to determine whether the expression of LXRα and SOCS1 was upregulated by intranasal delivery of miR-155-5p antagomir. However, LXRα and SOCS1 expression levels in hippocampal tissues were altered with small magnitude by miR-155-5p antagomir treatment in our study, partly because microglia are a small portion of the hippocampus, and any significant changes in microglia are difficult to detect in whole hippocampal tissues. Hence, double immunofluorescence labeling was further employed to observe the expression of LXRα and SOCS1 in IBA1-labeled microglial cells of the hippocampus. LXRα and SOCS1 expression in IBA1-labeled microglial cells of the hippocampus was higher in the epilepsy model treated with miR-155-5p antagomir than in the epilepsy model without treatment, which indicates that intranasal delivery of miR-155-5p antagomir alleviated seizures via inhibiting neuroinflammation mediated by LXRα and SOCS1. Notably, miR-155-5p functions in biological processes by negatively modulating multiple target mRNAs. Therefore, where (in microglia, astrocytes and even neurons) and via which target molecules miR-155-5p functions in brain inflammation and epileptic pathologies needs to be investigated in the future.

In theory, miRNAs regulate biological activities by suppressing the translation of their target genes; thus, the function of miR-155-5p depends on its target genes. According to bioinformatic analysis, hundreds of genes have been predicted to be targets of miR-155-5p, and many of them have been confirmed in tumors,[@CIT0041],[@CIT0042] as well as inflammatory diseases, indicating that miR-155-5p is a multitarget modulator involved in various mechanisms. Cai et al previously observed that miR-155-5p antagomir could alleviate epileptic seizures by upregulating the expression level of brain-derived neurotrophic factor (BDNF) in the TrkB signaling pathway, another target of miR-155-5p,[@CIT0031] indicating that intranasal delivery of miR-155-5p antagomir in the present study likely alleviated acute seizures not only through inflammatory modulation but also through other mechanisms. Hence, further research remains to be performed to clarify the mechanisms of miR-155-5p antagomir for epilepsy treatment. Due to the involvement of miR-155-5p in tumors,[@CIT0043] the long-term safety of miR-155-5p antagomir should also be further explored.

Certain limitations should be noted in the present study. First, we demonstrated that intranasal delivery of miR-155-5p antagomir improved epileptic seizures and hippocampal injury in the pentetrazol-induced model, supporting its value in alleviating acute convulsions, and therefore, future experiments should attempt to establish chronic spontaneous epilepsy model to achieve a stable miR-155-5p level. Moreover, a chronic spontaneous epilepsy model is more similar to human epilepsy. However, the epilepsy model requires an automatic 24-h monitoring system of animal behavior, and thus, we were unable to perform these experiments without such a system in the present study. Second, miR-155-5p agomir and negative control were not used in this study; miRNAs are a group of multi-target molecules, we incline to the view of no necessity to prove exclusive effects by extra comparison with scrambled miRNAs, because other miRNAs probably modulate the same target mRNAs of miR-155-5p, thus an agomir or an antagomir of other miRNAs could also result in similar effects observed in the present study by miR-155-5p antagomir. In addition, the level of miR-155-5p began to decrease significantly 30 min after intranasal delivery and maintained a similar level in the next 90 min; thus, we observed the effect of miR-155-5p antagomir on epileptic seizures during this period in the study. However, any modifications of the protocol, such as changes in the examination time points after pentetrazol administration after intranasal delivery and the final volumes/dosages of miR-155-5p antagomir, may lead to incompletely consistent results.

Conclusion {#S0005}
==========

This study first demonstrated that intranasal delivery of miR-155-5p antagomir alleviated acute seizures, likely by blocking hippocampal inflammation in the pentetrazol-induced model. Compared with invasive delivery such as hippocampal microinjection, intranasal delivery of miR-155-5p antagomir represents a more practical strategy for the translational development of epilepsy treatment. Nevertheless, other potential mechanisms of miR-155-5p antagomir and its long-term safety for epilepsy treatment remain to be explored.
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